Cooling the vibration amplitude of micromechanical resonators as low as possible has been a common interest of physics and engineering from a wide range of scientific perspectives[@b1][@b2][@b3][@b4]. There have been two main approaches followed.

One is the regime represented by a "nano"-resonator with relatively high natural frequencies (several tens of MHz--several GHz) and quantum methods for the detection of the displacement, such as a quantum bit spectroscopy. The purpose in this regime is to decrease the amplitude of the vibration sufficient to reach the quantum ground state[@b5][@b6][@b7][@b8][@b9][@b10][@b11], and therefore the physical interests.

The other is the regime represented by a "microcantilever" with relatively low natural frequencies (several kHz--several tens of kHz) and classical methods of detection, such as an optical interferometry[@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21]. In this case, the minimum for the quantum number obtained was large at 2.1 × 10^4^, which was achieved aided by cryogenic cooling of the resonator to several Kelvins[@b15].

The objective of the former regime was mainly the physical demonstration of the existence of the quantum zero-energy point and its application in studies on basic physical phenomena. For the latter regime, the concern was mainly the applications of the silicon micro-cantilever to the more sensor detecting technologies[@b18][@b19][@b20][@b21].

The study in this paper belongs to the latter regime. we demonstrated that the amplitude of the power spectrum density of the thermal vibration of a microcantilever was suppressed to be about 0.02 pm^2^/Hz, which is the same value with the floor noise level, without the assistance of external cryogenic cooling. This value is two orders of magnitude smaller than that of the previous work[@b15], although the experiment was performed at room temperature, while the previous work was done at 4.2 K.

Methods
=======

The experimental system ([Fig. 1](#f1){ref-type="fig"}) employs a commercially available silicon micro-cantilever used as a resonator, with length, width, and thickness of 240 μm, 40 μm, and about 2.3 μm, respectively. The catalog value of the spring constant, *k*, is 2 N/m. The natural frequency of the microlever, *f*~0~, was measured at 80.8 kHz. The cantilever was mounted on a single layer piezoelectric actuator (PZT) to be able to change the amplitude relative to the inertial frame (*x* + *y* in [Fig. 1](#f1){ref-type="fig"}). The amplitude of the actuator (*y*) is small enough compared with the amplitude of the cantilever (*x*) and neglected in this experiment. The system was placed in a vacuum chamber, which was evacuated down to 5 × 10^−3^ Pa using an oil diffusion vacuum pump.

The vibration amplitude of the silicon microlever (*x*) was measured by Michelson interferometry. A He-Ne laser of 1 mW was used as the light source of the interferometer. To be free of fluctuations of the interferometer, the operation point is set automatically at its most responsive point and controlled.

The output signal of the interferometer was passed through a band pass filter with a band width of about 10 kHz. The central frequency of the window range was adjusted to obtain the phase shift of *φ* = 90°.

To change the loop gain, (*g*) of the feedback control, the drive signal of the PZT actuator was changed by the voltage attenuator. The voltage attenuator was a capacitive type making use of the capacity of the PZT. *g* was defined as the loop gain, therefore it is defined as the ratio of the movement of the PZT to that of the cantilever.

The vibration control method used here is fundamentally the same as that used for normal mechanical systems including large-scale ones, such as high-rise buildings[@b22][@b23]. The whole experimental system was placed on an anti-vibration table having a natural frequency of about one second, and the resonator system of the silicon lever was placed on a rubber block in the vacuum chamber for greater vibrational isolation.

The output signal from the photodetector was recorded and processed using a Fourier transform spectrum analyzer. The quality factor of the resonance, *Q*, was measured to be around 1.0 × 10^5^. The *Q* was also measured for the same silicon cantilever with aluminum coating. It was only about 3000, which means that the aluminum coating operates as the dumping factor.

According to a mathematical analysis of feedback cooling with noise signal added to the feedback loop[@b4][@b15], the power spectral density for the *actual* vibration amplitude is calculated to beand the power spectral density for the *measured* vibration amplitude is calculated to bewhere and are the complex amplitude of vibration of the cantilever and the noise signal. is the averaged Langevin force, which generates the thermal vibration in the micro cantilever. *ω*~0~ and *Q* are the natural angular frequency and the quality factor, respectively, of the fundamental vibration mode of the microlever, and *m* is the equivalent mass of the cantilever. *g* is the feedback loop gain. Here, "*actual*" means the real value of the amplitude, which does not include the noise signal of the detection system, and "*measured*" means the apparent value of the amplitude, which appears in the detection system including the noise signal. It is noted that the former is larger than the latter, and at the limit of large value of *g*.

Results
=======

[Figure 2(a)](#f2){ref-type="fig"} presents the *measured* power spectrum ((*x* + *x*~n~)^2^) of the vibration of a micro-cantilever for various feedback loop gains. As the feedback gain increases, it decreases, and finally falls below that of floor noise level. The solid lines are the theoretical calculations for each feedback gain (see [Eq. (2)](#eq2){ref-type="disp-formula"}). We find good agreement between the experimental results and the theoretical calculations for all values of the feedback gain.

The *actual* power spectrum (*x*^2^) of the vibration amplitudes, which cannot be detected directly, are given for various loop gains in [Fig. 2(b)](#f2){ref-type="fig"}; the solid lines are the theoretical calculations (see [Eq. (1)](#eq1){ref-type="disp-formula"}). For small values of gain, the experimental results are in good agreements with the theoretical calculation, whereas discrepancies appear for larger values of the loop gains. We can see that the *actual* amplitude converges to the floor noise level, as loop gain increases. Therefore the obtainable minimum actual amplitude must be larger than the floor noise.

The *actual* and the *measured* amplitude of the cantilever at the natural frequency are plotted in [Fig. 3](#f3){ref-type="fig"} as functions of the loop gain in comparison with the floor noise level and the amplitude for the shot noise due to the diagnostic laser. The position indicated by the vertical arrow on the red solid line at *g* = 9.0 × 10^−3^ shows the minimum *actual* vibration amplitude obtained. At this point, the power spectral density for the vibration amplitude is about 0.02 pm^2^ Hz^−1^, which is two orders of magnitude smaller than that of the previous work[@b15], even though this experiment was performed at room temperature and the previous work was done at 4.2 K.

Discussions
===========

A theoretical value of the thermal vibration amplitude of the silicon lever was calculated to be 4.5 × 10^−11^ m (45 pm), assuming that energy *k*~B~*T/*2 is distributed as averaged potential energy; here *k*~B~ is the Boltzmann constant and *T* is the temperature of the surrounding system (300 K). In this calculation, the cantilever was modelled as a mass-spring oscillator with the mass attached to the tip of the lever. The equivalent mass was calculated to be 7.8 × 10^−12^ kg setting *k* = 2 N/m and *f*~0~ = 80.8 kHz. The measured amplitude of the thermal vibration was 58 pm, which was larger than the theoretical calculation of 45 pm. Using the thermal and optical characteristics of Si, a heat transfer analysis gives a temperature rise estimate of about 10 K, by which the above discrepancy could not be fully explained. In this estimation, we assumed that the absorbed energy of the diagnostic laser beam was 0.60 mW considering that the absorption coefficient of silicon at visible wavelengths is about 60% (reflectivity: 40%). The dynamic vibration mode profile of the cantilever was simplified to that of the static bending profile of the cantilever, which may be the reason for the discrepancy.

The main features of this experiment compared with that of a previous study[@b15] are the use of a micro-cantilever with large spring constant (relative ratio: about 23,000), consequently the natural resonance frequency was increased about 31 times, and the use of a relatively high power for the diagnostic laser (relative value: about 10,000).

The signal to noise ratio determined by the power of the diagnostic laser is inversely proportional to the root of the laser power, it is one of the reason why we could decrease the floor noise revel comparing to the previous works[@b15]. Moreover, the increase in the spring constant increases the natural vibration frequency, which consequently decreases the mechanical vibration noise. These are considered to be the reasons why we could attain the minimum amplitude of a microcantilever vibration determined by a floor noise at room temperature.

Conclusions
===========

In this study, we demonstrated that the amplitude of the thermal vibration of a microcantilever was suppressed to be about 0.15 pmHz^−1/2^, which is the same value with the floor noise level, without the assistance of external cryogenic cooling. We think that one of the reason why we could reach the smaller amplitude at room temperature is due to stiffer spring constant of the lever, which leads to higher natural frequency and consequently lower floor noise level. The other reason is considered to be due to the increase in the laser power for the diagnostics, which lead to the decrease in the signal to noise ratio determined by the optical shot noise.

Additional Information
======================

**How to cite this article**: Kawamura, Y. and Kanegae, R. Feedback damping of a microcantilever at room temperature to the minimum vibration amplitude limited by the noise level. *Sci. Rep.* **6**, 27843; doi: 10.1038/srep27843 (2016).

We thank R. Horie, T. Mori, K. Ohtuka, R. Takagi and M. Kaji for their contributions at earlier stag of this work.

**Author Contributions** Y.K. wrote the main manuscript and R.K. prepared all figures. All authors contributed to the experiments and reviewed the manuscript.

![Experimental setup for feedback cooling of the thermal vibration of a micro-silicon cantilever.\
(PZT: piezoelectric actuator, BPF: band pass filter, FFT: fast Fourier transformer).](srep27843-f1){#f1}

![Power spectra of the vibration amplitude.\
(**a**) *Measured* power spectra of vibration amplitude of a micro-cantilever for various feedback loop gains. Solid lines are theoretical calculations obtained using [Eq. (2](#eq2){ref-type="disp-formula"}). (**b**) *Actual* power spectrum of the vibration amplitudes of a micro-cantilever for various feedback loop gains. Solid lines are the theoretical calculations obtained by [Eq. (1)](#eq1){ref-type="disp-formula"}. Dotted line is the back ground noise level (*x*~n~).](srep27843-f2){#f2}

![Amplitudes of the vibration at the natural frequency (*f*~0~) as a function of the feedback loop gain (*g*).\
Open circles are *measured* values. Red solid and black dashed lines are obtained from theoretical calculations for the *actual* and *measured* values, using [Eqs (1) and (2)](#eq2){ref-type="disp-formula"}, respectively. The horizontal black dashed line shows the limitation determined by the floor noise level of the detection system. The shot noise level due to the diagnostic laser is indicated by the horizontal black arrow. The position indicated by the vertical arrow on the red solid line at *g* = 9.0 × 10^−3^ shows the minimum *actual* vibration amplitude obtained.](srep27843-f3){#f3}
